c Thermococcus kodakarensis optimally grows at 85°C and possesses two chaperonins, cold-inducible CpkA and heat-inducible CpkB. Gene disruptants DA1 (⌬cpkA) and DB1 (⌬cpkB) showed decreased cell growth at 60°C and 93°C, respectively. The DB2 mutant (⌬cpkA::cpkB ⌬cpkB), whose cpkB gene was expressed under the control of the cpkA promoter, did not grow at 60°C, and the DB3 mutant [⌬cpkA(1-524)::cpkB(1-524) ⌬cpkB], whose CpkA amino acid residues 1 to 524 were replaced with corresponding CpkB residues that maintained the C-terminal region intact, grew at 60°C, implying that the CpkA C-terminal region plays a key role in cell growth at 60°C. To screen for specific CpkA target proteins, comparative pulldown studies with anti-Cpk were performed using cytoplasmic fractions from DA1 cells cultivated at 93°C and DB1 cells cultivated at 60°C. Among the proteins coprecipitated with anti-Cpk, TK0252, encoding indole-3-glycerol-phosphate synthase (TrpC), showed the highest Mascot score. Counter-pulldown experiments were also performed on DA1 and DB1 extracts using anti-TrpC. CpkA coimmunoprecipitated with anti-TrpC while CpkB did not. The results obtained indicate that TrpC is a specific target for CpkA. The effects of Cpks on denatured TrpC were then examined. The refolding of partially denatured TrpC was accelerated by the addition of CpkA but not by adding CpkB. DA1 cells grew optimally in minimal medium only in the presence of tryptophan but hardly grew in the absence of tryptophan at 60°C. It has been suggested that a lesion of functional TrpC is caused by cpkA disruption, resulting in tryptophan auxotrophy.
T hermococcus kodakarensis is a hyperthermophilic archaeon that survives over a wide range of moderately high (60°C) to extremely high (100°C) temperatures. Factors such as DEAD box helicases (27) , prefoldins (4) , and membrane components (21) are thought to be involved in the ability of this organism to adapt to such wide temperature ranges. Apart from such factors, T. kodakarensis possesses a unique cold-inducible chaperonin, CpkA, in addition to a conventional heat-inducible one, CpkB (8, 13) . Both CpkA and CpkB belong to group II chaperonins, which are found in the eukaryotic cytosol and in the Archaea (1) . CpkA is expressed mainly at low temperatures (60 to 85°C), whereas CpkB is expressed at high (85 to 93°C) temperatures with respect to the optimum growth temperature (85°C). In a previous study, we obtained native chaperonins from T. kodakarensis and confirmed that heterologous complexes of CpkA and CpkB were formed (13) . We also observed that the ratio of CpkB to CpkA increased in response to cultivation temperature. In order to confirm that a single homogenous complex could function in vivo, we constructed cpkA and cpkB gene disruptants (8) . Disruption of cpkA (DA1) caused poor cell growth at 60°C but no significant defects at 85°C or 93°C. Conversely, cpkB disruption (DB1) led to a growth defect at 93°C but no significant defects at 60°C or 85°C. These results indicated that a homogenous complex of CpkA or CpkB is functional at 85°C, whereas a homogenous complex of CpkA in DB1 cells and a homogenous complex of CpkB in DA1 cells are necessary for cell growth at 60°C and at 93°C, respectively. Biochemical analysis of the chaperonin of another Thermococcus sp. strain, KS-1, which possesses identical ␣ and ␤ chaperonin subunits and has amino acid sequences identical to those of CpkA and CpkB, respectively, has revealed that a homooligomer consisting of only ␤ subunits was more thermostable in vitro than a homo-oligomer consisting of only ␣ subunits (36) . Because of this finding, we consider that an increased ratio of CpkB to CpkA results in a complex with greater thermostability.
As mentioned above, CpkA is involved in low-temperature adaptation while CpkB responds to high-temperature adaptation. While these two chaperonins can complement each other at 85°C, they cannot complement each other at 60°C or 93°C. Phylogenetic analysis suggests that these two highly homologous chaperonin subunits evolved from a common gene (1); however, CpkA differs from CpkB in possessing a mildly hydrophobic Gly-Gly-Met (GGM) repeat sequence in its C-terminal region, which was originally identified in Escherichia coli GroEL. This motif is thought to be dispensable for E. coli optimal growth (22) . In addition, the role of the C-terminal region of E. coli GroEL (including the GGM motif) in ATPase activity was previously examined (29) . A 20-residue truncation of the C terminus extended the time required to generate inorganic phosphate and the time to arrest protein folding in the central cavity. It has been suggested that the integrity of the C-terminal region facilitates the transition from the ATP hydrolysis (first rate-limiting state) to protein folding (second rate-limiting state). Amino acids, such as glycine and methionine, generally generate more peptide flexibility. The flexible C-terminal tail segment may allow the close confinement of target proteins in the cavity of GroEL to optimize the rate of folding (31) , or the region itself may result in the acceleration of the rate of ATP turnover (6) . The C-terminal region of CpkB is believed to contribute to thermostability (19, 37) , while the function of the C-terminal region of CpkA remains unclear. No matter what the exact function is, the change in the ratio of one subunit of the heterogeneous complex in group II chaperonin to the other one may cause a change in target preference, as seen previously for CCT (chaperonin containing tailless complex polypeptide 1 [TCP1]) chaperonin subunits in eukaryotes (5, 18) . We speculate that CpkA targets specific proteins whose refolding does not require the activity of CpkB. The substrates of chaperonin GroEL have been studied in detail (3, 12, 15) , and these proteins appear to populate kinetically trapped intermediates during folding and reach their native states only upon transfer to GroEL/GroES. In Methanosarcina mazei, it has been reported that the coexisting bacterial group I chaperonin, GroEL, and the archaeal group II chaperonin, thermosome, have partially overlapping target sets (11) ; however, the substrate features of group II chaperonins remain unclear. In the present study, we report that the T. kodakarensis TrpC protein is recognized and refolded by cold-inducible group II chaperonins. Based on in vivo and in vitro functional analyses, we consider the possible roles that CpkA and CpkB may play in T. kodakarensis.
MATERIALS AND METHODS
Microorganisms, media, and growth conditions. Microorganisms (strains) used in this study are listed in Table 1 . Thermococcus kodakarensis KOD1 and its derivatives KU216 (⌬pyrF), DA1 (⌬pyrF ⌬cpkA), DB1 (⌬pyrF ⌬cpkB), DB2 (⌬pyrF ⌬cpkB ⌬cpkA::cpkB), and DB3, whose CpkA amino acid residues 1 to 524 were replaced with corresponding CpkB residues [⌬pyrF ⌬cpkB ⌬cpkA(1-524)::cpkB(1-524)] were precultivated anaerobically for 12 h at 85°C in 100 ml of MA-YT medium containing the following (per liter): 30.4 g of Marine Art SF reagent, 5 g of yeast extract (Nacalai Tesque, Kyoto, Japan), 5 g of tryptone (Nacalai Tesque), and 5 g of pyruvate (Wako Pure Chemical Industries, Ltd., Osaka, Japan). The grown cells were incubated at a given temperature in 800 ml of MA-2YT medium, which contained the following (per liter): 30.4 g of Marine Art SF reagent, 10 g of yeast extract, 10 g of tryptone, and 5 g of pyruvate. All growth studies were carried out three independent times. For liquid chromatography-mass spectrometry (LC-MS) analysis, cells were harvested at the logarithmic phase. For the tryptophan starvation experiment, cells were cultured at 60°C and 85°C using the minimal medium of T. kodakarensis, ASW-AA (artificial seawater with amino acids) (30) . Other cultivation details have been described before (8) .
DNA manipulations. DNA manipulations were carried out by standard techniques as described previously by Sambrook and Russell (24) . Restriction enzymes and other modifying enzymes were purchased from TaKaRa Bio (Shiga, Japan) or Toyobo (Osaka, Japan). A small-scale preparation of plasmid DNA from E. coli cells was performed with a Wizard Plus Minipreps DNA Purification System (Promega, WI). DNA sequencing was performed with a BigDye-Terminator Cycle-Sequencing Ready Reaction Kit, version 3.1, and a model 3130 capillary DNA sequencer (Applied Biosystems, CA).
Plasmids for disruptant construction. Plasmids used in this study are listed in Table 1 . The theoretical background for the gene disruption strategy has been described previously (25) . The construction of the cpkA and :cpkB(1-524) was made as follows. The region of the cpkA structure gene was amplified using T. kodakarensis genomic DNA as the template and the primers cpkA-Fw and cpkA-Rv. The amplified DNA was inserted into the HincII site of plasmid pUC18, and the resultant plasmid was designated pUC-cpkA. The region for cpkB was also amplified by PCR using primers cpkB-Fw and cpkB-Rv and T. kodakarensis genomic DNA as the template. The amplified DNA was inserted into the HincII site of plasmid pUC18, and the resultant plasmid was designated pUC-cpkB. To introduce an NheI site at amino acid position 524 of the cpkA or cpkB gene in plasmid pUC-cpkA or pUC-cpkB, inverse PCRs were carried out using the following primer combinations: primers cpkA-Fw-NheI1 and cpkARv-NheI2 were used with a template pUC-cpkA; primers cpkB-Fw-NheI and cpkB-Rv-NheI were used with a template pUC-cpkB. The amplified DNAs were self-ligated, and the resultant plasmids were named pUCcpkA-NheI and pUC-cpkB-NheI, respectively. Plasmid pUC-cpkA-NheI was digested with KpnI and NheI, and a DNA fragment carrying the region of amino acids 525 to 546 was obtained. The fragment was ligated with KpnI-NheI-digested pUC-cpkB-NheI, which carries the region of cpkB encoding amino acids 1 to 524, including 800 bp of DNA upstream of the structural gene and all of pUC18. The resultant plasmid was named pUC-chimera-cpkBA-NheI. To eliminate the NheI recognition sequence from pUC-chimera-cpkBA-NheI, inverse PCR was performed using primers Fw-cpkB-cpkA-NheI and Rv-cpkB-cpkA-NheI, and the amplified DNA was self-ligated. The constructed plasmid named pUC-chimeracpkBA was digested with NcoI and BlnI, and the DNA fragment carrying the chimeric cpkBA gene was obtained. The fragment was then ligated with pUD2-FA-OB digested by NcoI and BlnI. The construct was named pUD⌬cpkA(1-524)::cpkB(1-524). The construction of pUD2-FA-OB and pUD⌬cpkA(1-524)::cpkB(1-524)was confirmed by sequence determination.
Transformation of T. kodakarensis.
To construct DB2 (⌬pyrF ⌬cpkA::cpkB ⌬cpkB), host cell DB1 (⌬pyrF ⌬cpkB) was cultivated in an ASW-YT liquid medium (ASW medium with 5 g of tryptone and 5 g of yeast extract per liter) (26) for 12 h, and cells were harvested (3,200 ϫ g for 5 min) from 3 ml of culture. The cells were resuspended in 200 ml of 0.8ϫ ASW medium and kept on ice for 30 min. Plasmid DNA pUD2-FA-OB (5 g) was added to the cell suspension, and the mixtures were kept on ice for 1 h. The treated cells were cultured in 20 ml of an ASW-AA liquid medium containing 5.0 g/liter of elemental sulfur in the absence of uracil for the period of two generations. The cells were then spread on an ASW-YT plate medium containing 7.5 mg/ml of 5-fluoroorotic acid to select transformants that had completed the second, pop-out recombination, and were incubated at 85°C for isolation of the ⌬cpkA::cpkB genotype.
To construct T. kodakarensis DB3 [⌬pyrF ⌬cpkA(1-524)::cpkB(1-524) ⌬cpkB], plasmid pUD-⌬cpkA(1-524)::cpkB(1-524) was used as a donor DNA, and DB1 (⌬pyrF ⌬cpkB) was used as a host. The mutant genotype was confirmed by the determining nucleotide sequence of each cpk gene with its flanking regions (ca. 1,000 bp each). DNAs were amplified using DB2 and DB3 genomic DNA as the template and primers cpkA-OF and cpkA-OR for cpkA and primers cpkB-OF and cpkB-OR for cpkB. The amplified DNA fragments were confirmed by DNA sequencing.
Construction of expression plasmids for TrpC and the chimeric chaperonin CpkBA. The DNA of the T. kodakarensis trpC gene was amplified by PCR using T. kodakarensis genomic DNA as a template and the primer sets described before (30) .
The DNA of the chimeric chaperonin cpkBA gene which possesses the main body of CpkB and a C-terminal region of CpkA was amplified by PCR using plasmid pUD-⌬cpkA(1-524)::cpkB(1-524) as the template and primers cpkBA-Fw and cpkBA-Rv.
The amplified DNA fragments were digested with NdeI and EcoRI and then inserted into the expression vector pET21a(ϩ) (Novagen, WI). The nucleotide sequences were confirmed by sequencing determination. The constructs were designated pET21a-Tk-trpC and pET21a-cpkBA, respectively.
Protein expression and purification. The recombinant form of T. kodakarensis TrpC was purified according to a previously reported procedure (30) . E. coli BL21(DE3) bearing plasmid pET21a-Tk-trpC was cultured in LB medium. When the optical density at 660 nm (OD 660 ) reached around 0.4, 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to induce gene expression. After a 2-h induction at 37°C, cells were The chaperonins CpkA, CpkB, and CpkBA were purified as described previously (13) . E. coli BL21(DE3) bearing pCPAE (14) , pECPK (35) , or pET21a-cpkBA was cultured, and CpkA, CpkB, or CpkBA was expressed as described above. Purification was carried out by anion-exchange chromatography (MonoQ HR 5/5; GE Healthcare), followed by gel filtration (Superdex 200; GE Healthcare).
Pulldown analysis. Polyclonal antisera against CpkA or TrpC were obtained from female New Zealand White rabbits (Japan SLC) and were designated anti-Cpk and anti-TrpC, respectively. The specificity of the antisera was confirmed by immunoblotting experiments. The detection of immune complexes of CpkA/CpkB and anti-Cpk was carried out using Alexa Fluor 680 goat anti-rabbit IgG(HϩL) (Invitrogen, CA) as secondary antibodies and a 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium chloride (BCIP/NBT) solution (Roche Diagnostics, Basel, Switzerland) according to the manufacturer's instructions. TrpC was also immunoprecipitated by anti-TrpC. DA1 or DB1 cells were cultivated at 93°C or 60°C, respectively. T. kodakarensis cells were harvested and stored at Ϫ80°C until use. Cells were resuspended in 1 ml of buffer A (10 mM, pH 8. Then lysate (1 ml; total protein amount, ϳ2 mg) was incubated with 10 mM ATP analog ADP-beryllium fluoride (ADP-BeF x ) for 10 min at 60°C, and anti-Cpk (10 l) was added. The mixture was incubated for 2 h at 4°C. Fifteen microliters of protein A-Sepharose CL-4B (GE Healthcare Tokyo, Japan) slurry (50 mg/ml) was added into the pulldown reaction solution, and the mixture was incubated for another 1 h. The samples were boiled in water for 20 min, and they were then applied to a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. According to the molecular mass, the gel was divided into five parts (below 25 kDa, around 25 kDa, 25 to 45 kDa, 45 to 66 kDa, and above 66 kDa). The stained gel particles were dehydrated in acetonitrile and then were alkylated by 55 mM iodoacetamide for 1.5 h. The gel parts were then digested with trypsin (Trypsin Gold; Promega KK, Tokyo, Japan) at 37°C overnight. After trypsin hydrolysis and desalting by ZipTip (Millipore, MA), the fractions were applied to a nano-liquid chromatography/ion trap-time of flight mass spectrometer (LC-IT-TOF/MS), Nano Frontier LD (Hitachi High Technologies, Tokyo, Japan), with an electrospray ionization trap (ESI-Trap). The obtained data were analyzed by the Mascot database (Matrix Science KK, Tokyo, Japan) using the following criteria: database, T. kodakarensis genome database; enzyme, trypsin; missed cleavage, 1; fixed modification, carbamideomethyl; protein mass, no restriction; peptide mass tolerance, Ϯ 0.5 Da; fragment mass tolerance, Ϯ 0.5 Da. The control experiments in which DA1 or DB1 lysate was incubated with preimmune rabbit serum were carried out by the same procedure to exclude the background proteins. All the pulldown experiments were performed three independent times.
The pI values and molecular weights (MWs) were calculated with the Compute pI/M W tool on the ExPASy Server. To classify the fold types, proteins for which crystal structures were available were assigned by the structural classification of the proteins (SCOP) database (version 1.75). As for uncharacterized proteins, the most suitable homologs (identity of Ͼ30%) which have been deposited in the Protein Data Bank (PDB) were searched, and their structural information was used.
Enzyme assay for TrpC. The indole-3-glycerol-phosphate synthase (InGPS) activity was determined by the reported procedure (30) . Specific activity was obtained by measuring the decrease in absorbance at 350 nm due to the consumption of substrate, 1-(2-carboxyphenylamino)-1-deoxyribulose 5-phosphate (CdRP), for 15 min in a buffer (1 ml) containing certain amounts of purified TrpC, 100 mM sodium citrate buffer (pH 6.0), and 0.3 mM CdRP. The substrate, CdRP, was synthesized as described elsewhere (16) . A spectrophotometer with a thermocontrol unit (Jasco V-550; Tokyo, Japan) was applied for the enzyme activity assay. Protein concentrations were measured by a Bio-Rad protein assay system with bovine serum albumin as a standard (Bio-Rad, CA). One unit (U) of InGPS activity is defined as the activity that causes the formation of 1 mol of InGP in 1 min.
Enzyme assay for ATPase. ATPase activity was measured by monitoring the released phosphate using a Biomol Green Kit (Enzo Life Sciences, PA) (10, 20) . Temperature dependency of the ATPase activity of CpkA, CpkB, or CpkBA (80 nM each) was examined by incubation at various temperatures in HKM buffer (25 mM, pH 7.5, HEPES-NaOH, 100 mM KCl, 5 mM MgCl 2 ). The reaction mixtures were preheated at temperatures of 20, 40, 60, 80, and 94°C for 5 min before the addition of 2 mM ATP to trigger the reaction. The reaction was terminated with 0.1 M EDTA on ice, and phosphate was measured.
Examination of the chaperonin activity. The purified TrpC was unfolded and used as the substrate of chaperonin assay. To avoid rapid aggregation at high temperatures, TrpC (16 M) was denatured in 50 mM Tris-HCl buffer (pH 8.0) containing various concentrations of urea on ice for 3 days. For each sample (0 M, 2 M, 4 M, 5 M, 6 M, 7 M, and 8 M), far-UV circular dichroism (CD) spectroscopy was applied at 20°C. Two microliters of unfolded TrpC (8 M) was diluted into 198 l of 100 mM HKM buffer (100-fold dilution) containing 2 mM ATP in the presence or absence of CpkA, CpkB, or CpkBA. The refolding solutions were incubated for 20 min at 60°C. Then the resultant refolding solutions were determined by monitoring the recovered InGPS activity at 60°C as described above. Recovered activities by spontaneous refolding and Cpkdependent refolding were compared.
Tryptophan auxotrophy of the Cpk disruptants. To examine the effects of cpkA or cpkB disruption on tryptophan biosynthesis, cell growth of the strains (KU216, DA1, DB1, and DB3) was monitored in minimal medium with or without tryptophan (30) . After preculture of strains in MA-2YT medium (100 ml) at 85°C, cells were harvested by centrifugation and resuspended in 1 ml of minimal medium without tryptophan. Cell density was adjusted to an OD 660 of 1.0 with minimal medium. Cell suspensions (200 l) were inoculated into minimal medium (20 ml) with or without 0.15 g/liter of tryptophan and incubated at 60°C or 85°C. At each sampling time point (6, 12 , and 36 h), 100 l of culture was sampled and diluted. Each diluted sample was spread on the solid ASW-YT medium (plate). After 2 days of incubation at 85°C, colony numbers on the plates were counted.
RESULTS

Effects of mutant Cpks on temperature-dependent cell growth.
In a previous study, we copurified CpkA and CpkB from T. kodakarensis and confirmed that they formed a heterogeneous complex (13) . We observed that the ratio of CpkB to CpkA changed in response to cultivation temperature and that CpkA and CpkB are important for optimal cell growth at 60°C and 93°C, respectively. To further confirm the biological functions of CpkA and CpkB in vivo, we constructed two more disruptants, DB2 (⌬pyrF ⌬cpkB ⌬cpkA::cpkB) and DB3 [⌬pyrF ⌬cpkB ⌬cpkA(1-524)::cpkB(1-524)], which are outlined in Fig. 1A . In the DB2 disruptant, the cpkA gene of DB1 was replaced with cpkB under the control of the cpkA promoter, which normally controls cpkA transcription. The genotype was confirmed by determining the nucleotide sequence of each cpk gene, including its flanking regions, as de-scribed in Materials and Methods. The DB3 disruptant was derived from DB2. CpkA and CpkB are composed of 548 amino acids and 546 amino acids, respectively. In DB3, amino acid residues 1 to 524 of CpkA were replaced with the corresponding CpkB residues to construct a chimeric cpkBA gene [⌬cpkA(1-524):: cpkB(1-524)], encoding amino acid residues 1 to 524 from CpkB and 525 to 548 from CpkA, which contains the C-terminal region (GGM motif). The cpkBA chimeric gene was placed under the control of the cpkA promoter, thus making it cold inducible. The difference between the DB2 and DB3 disruptants was limited to the C-terminal region of the cpk gene.
The growth profiles of parental strain KU216 (⌬pyrF), DA1, DB1, DB2, and DB3 at 60°C were monitored and compared (Fig.  1B) . DA1 growth was significantly repressed in the absence of the cpkA gene, DB1 and KU216 growth was robust, and DB2 growth was poor. Because CpkB is naturally expressed at a very low level in T. kodakarensis at 60°C (8), enhanced expression of CpkB at 60°C in the DB2 mutant could lead to cell death. Unlike DB2, DB3 grew at 60°C, indicating that the C-terminal region of CpkA is important for cell growth at 60°C and may be important for the coldinducibility of CpkA. The folding of some proteins would require the assistance of CpkA at 60°C.
Screening native targets of CpkA. To identify the native targets of CpkA and CpkB, we designed a comparative pulldown analysis using anti-Cpk polyclonal antiserum for the coimmunoprecipitation of a protein-CpkA or -CpkB complex in DA1 or DB1 lysate in the presence of the ATP analog, ADP-beryllium fluoride (ADP-BeF x ).
Polyclonal antisera against T. kodakarensis CpkA were obtained from female New Zealand White rabbits. These antisera recognized CpkA and CpkB, as shown in Fig. 2B , and no significant differences were observed between the signal intensities of CpkA and CpkB. As previously mentioned, in T. kodakarensis, CpkA responds to cold stress while CpkB responds to heat stress. Because of this, CpkA and CpkB were expressed dominantly at 60°C and 93°C, respectively, and DB1 and DA1 were cultured at these two temperatures, respectively. The obtained cells were disrupted and centrifuged, and the supernatant was incubated with the ATP analog, ADP-BeF x , to inactivate ATPase activity. Anti-Cpk was then added to the sample and incubated at 4°C for 2 h. Finally, the precipitated immunocomplexes were separated by SDS-PAGE, and the separated proteins were extracted and treated with trypsin, as described in Materials and Methods. Protein samples were then examined by LC-MS. Background "prey" caused by nonspecific binding of IgG and appearing in both anti-Cpk pulldown and control experiments, were excluded from the final data. All the pulldown experiments were performed three times, and proteins that were not repeatedly detected were not listed. Table 3 shows 15 proteins, listed in descending Mascot score order, that were trapped by anti-Cpk in the cell lysate of DB1 cells cultivated at 60°C. The top two proteins, indole-3-glycerol-phosphate synthase (TK0252, also called TrpC) and a hypothetical protein (TK0675), possessed the same triosephosphate isomerase (TIM) beta/alpha-barrel (c.1) fold, which is also one of the features of GroEL/ES targets in E. coli (15) . Table 4 lists 10 proteins that coimmunoprecipitated with anti-Cpk in the cell lysate of DA1 cells cultivated at 93°C. These proteins are considered specific CpkB targets, and their structural features are totally different from those of CpkA target proteins. Four proteins (TK1292, TK1637, TK1177, and TK0781) had a high Mascot score, and two were deblocking aminopeptidases; however, these proteins did not share any common feature (pI, molecular mass, and SCOP fold), suggesting that there are some other factors leading CpkB to interact with targets. The interaction seems specific even if the basis for specificity is unknown.
Among target candidates of CpkA, TrpC, which showed the highest Mascot score and a c.1 fold, is thought to be the most specific. To confirm that CpkA coimmunoprecipitates with TrpC, we performed another pulldown experiment using anti-TrpC in DB1 cell lysates. The proteins that coimmunoprecipitated with anti-TrpC are listed in Table 5 . CpkA (TK0678) had the highest Mascot score. In contrast, the proteins that coimmunoprecipitated from DA1 extracts did not contain any chaperonin component. By combining the results of the two pulldown experiments (with anti-Cpk and anti-TrpC antibodies), we concluded that TrpC is a specific target of CpkA.
Effect of temperature on ATPase activity of Cpks. It is known that the C-terminal region of E. coli GroEL has an effect on its ATPase activity (29) . To examine the ATPase activities of CpkA, CpkB, and CpkBA and their temperature dependencies, purified recombinant proteins were obtained ( Fig. 2A) . As shown in Fig. 3 , CpkA showed 2-to 10-fold higher ATPase activity than CpkB, irrespective of the temperature examined. CpkA showed the highest ATPase activity at 60°C, while the ATPase activity of CpkB increased linearly from 20°C to 93°C. The ATPase activity of CpkBA was very similar to that reported for CpkA. These results suggest that the C-terminal region of CpkA is directly involved in ATPase activity.
Effects of Cpks on TrpC refolding. To assess whether Cpks are involved in TrpC folding, we performed an in vitro analysis involving the unfolding of TrpC into various stable states and then refolding it in the presence or absence of Cpks. Unfolding was achieved by denaturing TrpC using various concentrations of urea in 50 mM Tris-HCl buffer (pH 8.0) on ice for 3 days. The unfolded structure of TrpC was confirmed by monitoring the CD spectrum (Fig. 4A ). An increase in molar ellipticity around 220 nm during the denaturation process was attributed to the loss of ␣-helix content and to the excitation of aromatic residues. Unfolded TrpC was refolded by incubating it with or without Cpks in refolding solutions for 20 min at 60°C, and InGPS activity was monitored. Effect of cpkA disruption on tryptophan biosynthesis. To determine if DA1 exhibited tryptophan auxotrophy, we precultured DA1, DB1, DB3, and KU216 (parental wild type) cells in the minimal medium with (ϩTrp) or without (ϪTrp) tryptophan at 60°C and 85°C. After incubation for 6, 12, and 36 h, cultures were sampled and plated on solid ASW-YT medium. After 2 days of incubation, the numbers of colonies were counted. The results are shown in Table 6 . At 60°C, without tryptophan, the growth of all strains (DA1, DB1, DB3, and KU216) was delayed. Moreover, DA1 cells hardly grew at 60°C without tryptophan even after 36 h of culture. DB3 cells grew better than DA1 cells. These results imply that the function of CpkA was restored by the presence of the C-terminal region of CpkA in the DB3 strain and that CpkA is involved in tryptophan biosynthesis at 60°C. At 85°C, DA1 cells grew well in the absence of tryptophan, and no significant growth defects were observed.
DISCUSSION
T. kodakarensis possesses two distinct but highly homologous functional group II chaperonins, cold-induced CpkA and heatinduced CpkB (8) , whose molecular mechanisms are unclear. It is believed that the duplication and divergence of the ␣ and ␤ chaperonin subunit genes, which, respectively, correspond to cpkA and cpkB in the Thermococcus and Pyrococcus lineages, occurred in their common ancestor and that the ␣ subunit was subsequently lost in the Pyrococcus lineage (1). Our study raises another possibility, i.e., that Thermococcus adapted to low temperatures by acquiring an additional chaperonin, subunit ␣ (CpkA), during the course of evolution.
In the present study, several proteins interacted with the coldinducible chaperonin, CpkA. The results of the pulldown study showed that CpkA interacts with proteins that are different from those captured by heat-inducible CpkB. Among CpkA-specific targets, we focused on TrpC because of its high Mascot score and typical TIM barrel fold. The results of the pulldown experiment using anti-TrpC indicated that TrpC interacted with CpkA but not with CpkB. The in vivo refolding study showed that CpkA acts efficiently with only certain unfolded states of TrpC. It has been reported that TIM barrel fold proteins are easily trapped in an "off-track" misfolding pathway (9) at the early folding stage (33) because of the presence of a Val, Ile, and Leu (VIL) cluster in their N-terminal moieties, called the branched aliphatic side chain (BASiC) (34) . A similar hydrophobic cluster was found in TrpC. Scoring of the amino acid sequence of TrpC by TANGO (7) revealed that amino acid residues 101 to 106 (AVLLIT) in ␤4 make up the most aggregationprone sequence that may be recognized by CpkA. Moreover, this kind of aggregation-prone sequence was also found in TK0675 between amino acid residues 83 to 87 (MVLMV), 255 to 261 (TF IVGYV), 286 to 291 (LVNFLF), and 389 to 396 (WIFSVCSF). The mildly hydrophobic GGM motif might be involved in recognition of this aggregation-prone sequence. The heterogeneous structures in the earliest kinetic folding events of TIM barrel fold proteins also confirm this speculation due to their low hydrophobicity and low aggregation propensity (23) . It is reported that a well-defined cage structure that reduces the entropic folding barrier of the intermediate is required for GroEL chaperonin activity (2) . The cpkA gene in T. kodakarensis is constitutively expressed during the logarithmic phase of growth at all cell growth temperatures (60°C to 93°C) (8) . CpkA may correspond to the folding of nascent protein. Like GroEL, CpkA appears to provide a well-defined cage for the elimination of heterogeneous structures occurring during the earliest kinetic folding of TrpC. What is the nature of the intermediates favored by CpkA? It seems that certain kinetically trapped proteins require CpkA to accelerate their folding in T. kodakarensis. These equilibrium intermediates, existing in early folding events, could be candidates for evolutionary pressure because they persist for tens to hundreds of seconds within this set of energy barriers (9) . Chaperonins may play an important role in surviving from evolutionary pressure. It has been reported that chaperonin overexpression promotes genetic variation and enzyme evolution (32) . GroEL, or a GroEL-like chaperonin such as CpkA, seems to specifically recognize these kinds of intermediates and participate in altering their characteristics. We suggest that T. kodakarensis may have adapted to lower-temperature environments by acquiring an additional cold-inducible chaperonin, CpkA, in addition to heat-inducible CpkB, during the course of evolution. Other proteins that require the assistance of CpkA for folding will need to be identified to clarify the nature of the motifs that mediate binding to CpkA.
We examined the tryptophan auxotrophy of mutants DA1, DB1, and DB3. DA1 did not grow in minimal medium in the absence of tryptophan at 60°C. cpkA disruption may have led to a defect in functional TrpC, resulting in tryptophan auxotrophy. DB3, which carries the C-terminal region of CpkA, survived in the absence of tryptophan at 60°C. This finding indicates that the C-terminal region of CpkA is involved in TrpC function at 60°C. It is noteworthy that DA1 grew well in the absence of tryptophan at 85°C and that significant growth defects were not observed. This result indicates that TrpC folds and functions in the absence of CpkA at 85°C in vivo.
A chimeric chaperonin, CpkBA, consisting of the main body of CpkB and the C-terminal tail of CpkA, showed the same ATPase activity as CpkA, with the greatest activity observed at 60°C. DB3, bearing the cpkBA gene, showed growth recovery at 60°C. Unlike CpkA, it is likely that CpkBA enhances TrpC refolding in vitro. Taken together, the results indicate that the C-terminal region of CpkA is sufficient for temperature dependency of ATPase activity and ATPase activity could partially explain the difference in func- tion between CpkA and CpkB. However, other regions of these chaperonins, such as the substrate binding site and the active cavity, which are responsible for protein recognizing and refolding (17, 28, 31) , respectively, are worthy of further analysis.
